Modularity has many advantages but few methods exist to partition a product into modules, and no knowledge on which method to use and when. This study compares the heuristic method, the design structure matrix, and modular function deployment. The methods are applied on four commercial products. The disturbing result is that, given the same inputs, all methods partition the products differently. Some consider functionality and interface simplicity whereas others focus on strategic factors. A method developed for single products is poorly suited to modularizing product families. The methods find almost no common module boundaries that would be ideal regardless of the method used. This result is not due to poor application of the methods: the repeatability of each method was analyzed. It varied from 68% to nearly perfect. Modular function deployment was the least repeatable whereas the computerized design structure matrix the most repeatable. The heuristic approach fell in between.
INTRODUCTION
Modularity, using structurally independent modules to form a product architecture, is a widely accepted approach to save development and manufacturing costs and bring flexibility to a design. In the recent design literature, there has arisen several methods to modularize product architectures, however, it is not clear which method is most suitable for a specific case. The existing methods have each been optimized for different purposes -some to suit specific customer needs, some to minimize iterations during design stage, etc. [1] . This article looks into three modularity methods, the function structure heuristic method first introduced by Stone et al. [2] , clustering a design structure matrix (DSM) [4, 5] , and Ericsson's modular function deployment (MFD) [3] , that have been accepted and used in industry.
The three methods are tested on four products and the results of each method are compared. The methods are applied on four commercial products: an intraoral camera, an electronic pipette and two medical injector heads that belong to the same product family. This is done to test how the methods work with both individual products and product families. A presumption in testing all the methods is that even though all methods arose from different research groups and have different mechanic, they will find some common boundaries -boundaries that are good module interfaces. Also, the repeatability of each method is tested to show possible subjectivity of the methods. The modularity methods, as well as their repeatability, are tested on four products starting from a common functional decomposition. The study will provide insight on the differences between the methods and on which modularity method is the most suitable for a company's specific need.
The remainder of the paper is constructed as follows. The proceeding section will discuss the advantages of modularity. The next section will shortly introduce each of the three modularity methods to be tested. The next section will describe how the methods were used and on what criteria they were compared. Then, the results of applying the methods on first single products and then on a product family are described. The paper will end with conclusions and recommendations.
MODULARITY
The module definition used in this article is adapted from various sources [3, 4, 6] . A module is a structurally independent building block of a larger system with well-defined interfaces. A module has fairly loose connections to the rest of the system allowing an independent development of the module as long as the interconnections at the interfaces are well thought of.
ADVANTAGES OF MODULA RITY
The purpose of modularity may be to obtain scale and scope advantages, economies in part sourcing and testing, as well as support mass customization by using common components across a product or a product family [ 6, 7] . Modularity also makes the design more flexible by allowing independent development of each module and by enabling product variations by changing modules without changes to the rest of the product. [3, 4] Modularity can also ease the management of product architecture [3] . Blackenfelt [8] describes product complexity by the number and type of elements and relations in a product. In a given architecture the number and type of elements is set, but one can affect the number and type of relations with wise modularity choices. Understanding the interactions between components, modules, and sub -systems also helps the company make sound strategic decisions on e.g. component outsourcing [9, 10 ] . Modularity decisions can also be made earlier in the technology and research phase. This helps the company decide what physical principles should be investigated [11] .
Modularity can be used to simplify the product architecture of a single product and ease the management of design. There is also literature on using modules across products in product families [3, 11, 12 ] . Modules can be used to provide variety by creating a family of products by using different combinations of modules. Modularity can also ease the design of a product family since the same components are used in more than one product and there is no need to redesign them.
Modularity has also disadvantages. It can mean tradeoffs with performance [7] or excess cost if a low functionality component is replaced by a costly high functionality component in order to make the previously different components the same [ 13, 14] . Modularity can also have different effects depending on the stakeholder [ 1] e.g. a supplier's cost might actually rise when the manufacturer applies a certain module regime to reduce its costs.
MODULARITY METHO DS
There are only a few well-known systematic modularity methods: so called function structure heuristic method [2, 12] , clustering a DSM [5] and MFD [3] . The following sections will introduce the three methods tested in this study.
Function Structure Heuristic method
Function structure heuristic method, developed by Stone et al., is based on Pahl and Beitz's function structures [15] . A function structure is a functional decomposition block diagram of all the product's functions and material, energy, and information flows between them. Stone et al. separate modules from a single product's function structure by finding the dominant flow, branching flows, or conversion-transmission function pairs [2] . Zamirowski and Otto present three additional heuristics to find common modules across products in a product family. They find similar and repetitive functions within a single product, common functions across products, and unique functions that are found only in one product within the product family and separate them as modules. [12] In addition to these, McAdams et al. separate causally linked function pairs as modules [ 16] , but this modularity heuristic is very solution bound and left out of this study. A good tutorial of the method is given by Otto and Wood [17 ] .
The approach is to start with a function structure, and then consider the many possible alternative modules that can be defined by group functions according to the heuristics. The heuristics define possible modules, it is up to the designer to choose which ones make sense. Further and not commonly understood, the heuristics are maximal heuristics. They state only that one should not define modules larger than indicated. Any module defined by a dominant flow as a serial chain of functions, for example, can be subdivided in any way and still be consistent with the heuristics. As such, the approach provides modularity suggestions only, it is not a unique algorithm. Therefore, designer insight and good judgment can enter the process; this is either a benefit or a problem, depending upon one's perspective.
In any case, these heuristics apply to single products and a couple to product families of similar products. T he main modularization criteria considered in the function structure heuristic method are functionality and module interfaces. Other criteria such as business or strategy related factors are not represented in the function structure heuristic method, but instead enter through designer judgment in where the rules get applied.
Design Structure Matrix
The DSM [4] can be used to organize product development tasks or teams to minimize unnecessary rework and thus help manage and speed up the development process. The DSM can also be used to define modules within a single product's architecture. In the component or function based DSM, also called architecture DSM, components or functions are placed on the row and column headers of the matrix. Components or functions are then mapped against each other and their interactions are marked in the matrix. One can also present spatial, energy, information, and material interactions of components or functions in a DSM as shown by Pimmler and Eppinger in [5] and also by Blackenfelt in [8] . The interactions can be represented with coupling coefficients -2, -1, 0, 1, or 2 depending on the strength of the relation and whether the relation is beneficial or undesired.
Once functions or components and their interactions are placed in the DSM, a clustering algorithm can be applied to group the functions or components so that the interactions within clusters are maximized and between the clusters minimized. The formed clusters are possible module candidates. There are many algorithms and one can develop one's own to suit the needs of a specific case. The basic idea of a clustering algorithm is to reorder the rows and columns so that all marks are as close to the diagonal as possible or form a tight cluster with other marks. The algorithm used here is developed by Thebeau [18] . This was chosen because it is a well defined computerized algorithm. The algorithm can result in overlapping modules or it may leave a function out of the final clustering, in which case it is up to the designer to decide how to deal with them. The overlapping section could be for example duplicated and placed in both modules or forced to be only in one of the modules where the algorithm suggested it could be. For more about the component based DSM method, refer to [19] .
The DSM is designed especially for complex product architectures. The method concentrates on the interfaces of the modules to simplify the design process and the apparent complexity of the product architecture. The component based DSM could be combined with the task and team DSMs to include the modularization in the rest of the design process planning. The method leaves more business oriented factors and product functionality up to the designer's judgment after first simplifying the architecture.
Modular Function Deployment
Another modularization method, perhaps more management-and less engineering-oriented, is MFD [3] . It is also based on functional decomposition, but in this method, modularity drivers other than functionality are considered. MFD is designed to modularize a single product. There are twelve modularity drivers in MFD. Blackenfelt [8] introduces a broader list of 23 drivers, but only the original twelve are discussed here. The first is carryover i.e. a specific function will carry over to different products and no technology changes are expected. The next two, technology evolution and planned product changes, take both unexpected and expected changes into account. Different specification enables product variation and styling considers how the modularity choice would affect the appearance of the product. Common unit is similar to Zamirowski's common function heuristic in the function structure heuristic method. Process and/or organization, separate testing, supplier availability, and service and maintenance are related to the organizational effects of modularization. Upgrading allows future additions to the product. Recycling, the last modularity driver, considers the afterlife of the product. One or a few modularity drivers are chosen according to the firm's strategy. Ericsson and Erixon offer a good tutorial on the method [3] .
MFD is similar to Quality Function Deployment (QFD) [20] but here modularity drivers are mapped against functions instead of customer requirements in a matrix. The grouping into modules is started by the functions receiving the highest summed scores; and the functions dominated by the same modularity drivers are good candidates for a module according to this method. Stake [23] and Blackenfelt [8] show how MFD and DSM can be integrated in the grouping phase. Blackenfelt builds a strategic DSM using simplified modularity drivers from the MFD. He suggests using also a functional DSM in conjunction with the strategic MFD [ 8] to systematize the grouping phase in the MFD. The original method will be used in this study.
MFD suggests that the ideal number of modules is approximately the square root of the number of parts or assembly operations. The estimate is based on optimizing the assembly lead time of the whole product. [3] In addition, MFD has a step for interface design that considers form, fixation principles, number of contact surfaces and attachments, as well as the number of energy connection points, material flow, and signals. It relies more on engineers than to present a systematic method to locate and choose cutoff points for modules, which again is either a benefit or a problem, depending upon one's perspective.
APPLYING DIFFERENT MODULARITY METHODS
The goal of this study is to analyze modularity methods for single products as well as product families. Four products were chosen for this analysis. The products are an intraoral camera, an electronic pipette, a computed tomography (CT) injector head, and a magnetic resonance imaging (MRI) injector head. The first two are manufactured by Finnish companies. The latter two are produced by an American manufacturer and belong to the same product family. This selection allows comparison of the four modularity methods applied on single products, a product family, and different products at the same time. Also the complexity of the products varies a little allowing the testing of how the complexity of a product architecture affects the usability of the methods. The simplest product, the intraoral camera, has only 15 parts, the pipette 30 and the two injector heads about 70-80 parts.
METHODOLOGY
The study started by decomposing all the product architectures and building function structures. We first built functional block diagrams (function structures) for the product architectures. We decomposed the products to the assembly level of the manufacturer. We assigned each component or subsystem a function e.g. a motor was named "convert electricity into rotation". We then represented all the connections between the components or sub-systems with material, energy, and information flows. For example the motor torque going to the transmission was represented with an (mechanical) energy flow of torque/rotation. As discussed by Otto and Wood [17] , one should not forget supporting functions and flows such as vibration and damping or support of weight when completing the function structure. The law of energy conservation should apply in a complete function structure.
Function structures are not required for the MFD and the DSM methods, but they too start with a functional decomposition. Further, the component based DSM [5] can be assigned the same interactions as Pahl and Beitz's function structures except for an additional spatial relationship that i s added to the DSM cells. This difference can be removed when one takes the approach of Otto and Wood [17] and augments the function structure with force flows of gravity through the function network, thereby creating an isomorphism between a function structure representation and a DSM representation. The chosen algorithm, however, does not separate between different interactions. Furthermore, since Kurfman et al. have shown function structures to be reasonably repeatable [21] the function structure and its functional decomposition, identical for each method, are used as a starting point for all three methods in this study. All products are decomposed to approximately the same level and the same functional basis terms [22] are used when possible. The level of decomposition is as recommended in the MFD [3] i.e. not all the way to nuts and bolts. These actions enable fair comparison of the methods.
The function structure representation of a product is all that is needed to apply the function structure heuristic method. For the DSM method, the function structures need to be converted further into a design structure matrix. This is done by listing the product functions as headers in the rows and columns of a matrix. Interactions between functions are marked in the corresponding intersecting cells of the matrix. For the MFD method, the function structures are converted in a similar manner to a so called module indication matrix. In a module indication matrix, the column headers represent the product functions, whereas the row headers represent the various module drivers for modularizing the product. The next step of MFD, where module drivers are mapped against the product's functions, was done together with engineers familiar with the company and the product in question. This expert filled matrix was used to apply the modularization rules of MFD in the experimental setup explained next.
A total of 20 engineers and graduate students in engineering with either a Bachelor's or Master's degree in Mechanical Engineering at Helsinki University of Technology were used to apply the different modularity methods. They were all well familiarized on each modularity technique by giving them an informative reading package a week before the actual modularization session. The methods were also overviewed right before the experiment and it was ensured that each person felt comfortable with the methods. The actual experiment, modularization of the products, was completed thereafter.
In case of the function structure heuristic method, the engineers and graduate students were given the products' function structures. In addition to their prior familiarization to the method, they were allowed to keep the reading package. Each engineer and graduate student completed the modularization of the products independently, without any external influence on the modularization choices. If questions arose, the subjects were guided only by instructions relating to the methods, not on how to perform the modularization choices. This was done to ensure that the given instructions did not have an effect on the results of this research.
In case of the DSM method, a computer algorithm was used to perform the modularization of the products. This possibility does not exist in the other modularization methods. Due to the possibility to use a computer algorithm on the design structure matrices of the products, and since the results of the computer algorithm are not dependent on the person running it, it was unnecessary to have the subjects manually perform these modularization choices.
In applying the MFD, an identical approach to that of applying the function structure heuristic method was used. The subjects of the experiment were given the expert filled module indication matrices. Each engineer and graduate student thereafter completed the modularization of the products independently, without any external influences on the modularization choices.
In the following sections, each modularization scheme for each product is a compromise among all the engineers, weighing the more experienced engineer's suggestions over the more novice students' results.
The use of several people also allows for calculation of the repeatability of each method. The repeatability was calculated for each method as follows. The modularity schemes of all participants were gathered and the most common solution was formed. Each engineers' or engineering students' answers were compared in deviation to the common solution by calculating the percentage of functions modularized differently. For an overall repeatability metric for the method, the percentages were averaged and subtracted from 100% resulting in a repeatability percentage of each method.
MODULARIZING SINGLE PRODUCTS
The three modularity methods were applied on all four products. Only the dominant flow, branching flows, and conversion-transmission function pair heuris tics were applied of the function structure heuristic method, since the other three heuristics are meant for product families only. Note that some of the modules suggested by the heuristics overlap or are alternative options. Tables 1 -4 present the results of modularizing the four products.
As assumed, all methods give different suggestions for possible modules. This is due to the fact that each method has been designed to optimize a different factor. The function structure heuristic method minimizes interactions between the modules and finds conversion components such as motors and plungers. The DSM method also minimizes the module interactions but does not separate main flows as the function structure heuristic method does. The MFD, on the other hand, looks into a few chosen strategic factors and leaves module interaction choices to the designer.
In Table 1 , all methods recognize the functions convert electricity to light and transmit light in the intraoral camera as a module of two functions. The function structure heuristic method separates the two functions as conversion-transmission pair. The DSM recognizes the interaction between the two, as well as the lack of interaction to any other functions. The MFD resulted in the same module as well. This was not obvious. Convert electricity has a strong module driver profile, different from any other functions. Transmit light on the contrary has a weak profile, which means that it could easily be combined with any function. It is a coincidence that all methods grouped the two functions identically. This is due to the fact that the function pair is connected only to one another and is bounded by the system boundary at both ends. An example of a dissimilar module suggestion in the intraoral camera is the different groupings of functions guide light, translate focus plane, and convert light to image. All three functions are identified as a dominant flow by the function structure heuristic method. The MFD method, on the other hand, groups only the first two together leaving the convert light to image as a separate module on its own. This is due to the different module driver profiles: convert light to image has a high score for example on supplier availability, which the other functions do not have. This difference suggests that the functions are to be grouped in different modules. In addition MFD suggest including convert electricity and information to translation with the other two functions. The DSM method does not give a definite answer for the convert light to image function. The method suggests it could be either with guide light and translate focus plane as suggested by the function structure heuristic method, or with measure image resolution function. Table 2 shows similar results for the electronic pipette. For example, all methods identify parts of the drive unit (convert electricity to rotation…convert rotation to translation) as a module candidate, but the methods do not agree on which functions should exactly be included in the module. Yet another example of the difference between the three modularization methods is the drive mechanism , or the functions convert electricity to torque, reduce speed, and transmit torque in the MRI injector (Table 3) . These functions are identified as a part of a dominant flow by the function structure heuristics. The same method also finds convert electricity to torque as a conversion type module. MFD on the other hand leaves the transmit torque function out of the module. This is because this function has very different values in two major modularity drivers than the other functions. DSM suggests yet another option and combines the convert electricity to torque function with the encoder. This choice is reasonable since the convert electricity to torque (motor) and encoder are closely connected. Because the encoder is not part of the dominant flow in the function structure, it is thus not identified by the function structure heuristics. Similar results are found in the CT injector example (Table 4) . MFD is the only method that limits the number of modules. It is thus more likely to suggest fewer modules than for example the DSM. The function structure heuristic method is not meant to modularize a whole system. It gives suggestions for good module boundaries. The designer must then decide how to group the functions, particularly "chains" of a single function that can be grouped in any way, as according to the dominant flow heuristic. The intraoral camera and the electronic pipette are such simple systems that there is no significant difference between the total number of modules in the architectures suggested by different methods (Tables 1 and  2 ). More typical differences in the number of modules can be seen in the MRI injector example (Table 3 ) and in the CT injector example (Table 4) . One could presume that all three modularity methods find some common interfaces, interfaces that are ideal at module boundaries since the objective of modularity is to find modules that have simple interfaces to the rest of the system. This however was not the case. The three methods tested identify a few common interfaces between suggested modules. A closer look at these shows, however, that truly common interfaces are only at the product boundaries e.g. change color (colored light indicating status to the user) and store sample, contrast, or flush (disposable syringe). Also in the seemingly identical modules identified by all methods in the intraoral camera ( convert electricity to light and transmit light), the module boundaries are actually boundaries to the outside of the system (from a power supply and into a patient's mouth). All three methods grouped the same interfaces to the outside world in the same way.
The only exceptions in all four products, where all methods found the same interface, occurred for no obvious reasons. This occurred at the interface between a connector card and the arm light drives in the MRI injector example and the interface between the motor and the control circuit board in the CT injector. Analysis of these interfaces brings no obvious answers as to why these two interfaces were identified by all methods since there are very similar, practically identical, interfaces that were not identified the same by all the methods: For example, the CT injector head has very similar arm lights to the MRI injector, the only difference is that it is connected to a more complicated control card. Similarly, the MRI injector has also an interface be tween a control circuit board and a motor, but it is not identified by all methods as in the CT injector.
One clear difference did become clearly obvious to all, and that was the extent of designer judgment allowed to enter the process. The DSM is clearly the most repeatable and the MFD the least repeatable method, when starting from the same functional decomposition as in this study.
After the functional decomposition the DSM gives the same suggestion of possible modules regardless of who runs the algorithm. We chose a well defined computerized algorithm for this study. Having chosen a more heuristic clustering algorithm would have naturally reduced the repeatability considerably. Furthermore, the algorithm can produce overlapping modules (as it did in case of the intraoral camera and the CT injector), which leads to a more subjective choice of how to handle the overlapping section. The final grouping of modules in the MFD, on the other hand, gave different results depending on the designer's opinion. Most engineers found the same cores for the modules but the combining of the rest of the functions when the number of modules was very limited resulted in different results depending on who did it. The heuristics are somewhat more repeatable than the MFD. The application of the conversion-transmission pairs are particularly independent of the designer, due to the clear definition of the heuristic. Different designers also tended to agree upon branching flows. The dominant flow, however, is the most vulnerable to subjective choices. Similar results were also shown by Kurfman et al. in their experiments [21] . Table 5 shows the repeatability of each method applied on a single product. 
FINDING COMMON MODULES ACROSS PRODUCTS
Common modules across different products are needed for platforming product families. To find common modules across the two injectors that belong to the same product family, product family heuristics were applied in addition to the modularity methods already applied to modularize a single product. The DSM and the MFD identified almost no common modules across the products. This is because both methods have been optimized for modularizing a single product. The DSM found similar clusters of the motors and encoders and the MFD recognized the disposable syringe (store contrast/flush) as a common module from both injectors.
The function structure heuristic method identified almost equivalent clusters for the drive mechanisms (dominant flow) and it also suggested that the arm lights are similar in both injectors (branching flow). When we added the product family heuristics, we found a few common functions that could be shared across the two products (Table 6) . A common function chain that could possibly be shared between the two injectors is convert electricity to torque, reduce speed, transmit torque, convert torque to translation, change syringe volume, and store sample/contrast/flush. In addition, also other commonalities were found by the heuristics. Functions indicate arm status, sense position, and the encoders were recognized as common module candidates between the two injectors. The repeatability of the product family heuristics is of the same order then the repeatability of the other heuristics (see Table 7 ) The fact that the common unit heuristic is the least repeatable is explained by the fact that similar and repetitive as well as unique functions are searched within a product and common units across products. There is more room for error and interpretation when comparing not only functions within a product but across products. Using the standard wording of functional basis improves the repeatability, but many functions were still a matter of engineer's opinion. The results presented here cannot be claimed universally applicable, since the scope of the study remained small and only in one industry. It would be practically impossible to be able to have a statistically significant amount of products for this modularity method analysis since they, especially the MFD, require detailed information about their manufacturing companies' strategies etc. This study, however, still provides good insight into how different modularity methods differ from one another, when to use them and especially how repeatable each method is. And we believe that the results can be extended to other products as well as other industries.
CONCLUSIONS
In this study three modularity methods, as well as their repeatability, were tested on four products starting from a common functional decomposition. It was shown that all three methods, the function structure heuristic method, the DSM and the MFD, given identical inputs, produce different results. This is due to the different viewpoints and application areas of each method. The function structure heuristic method considers the functionality of the product and interface simplicity whereas the DSM considers only the interface simplicity but it can be combined with other strategic matrices to take also other company issues into account. The MFD, on the other hand, focuses on various strategic issues leaving the decisions about the functions and interfaces of the product to the designer.
All three methods were tested on four commercial products: two single products and on a product family of two medical injector heads. It is notable that the methods designed for single products are poorly suited to modularizing a product family for platforming.
It was presumed that even though the methods are very different, they should find some common module boundaries in a product since the fundamental goal of each method is the same. This however was not true and leads to a conclusion that no method is perfect and the choice of method to use depends on the case in hand. The MFD is best suited for strategy based modularization, to define design variants and decide on buymake decisions, for example. To decide on the exact module boundaries i.e. to minimize the interactions at each boundary the function structure heuristic method is the best choice. It helps the engineers design fairly independent modules, that is, modules that if changed, they will not affect the rest of the system too much. The DSM can also be used to simplify the module boundary interactions. It is best suited to modularize a more complex system where there are too many interactions for a person to handle. The DSM can also be used for organizing product development teams and tasks. Another difference between the DSM and the function structure heuristic method is that the former, being a computerized algorithm, can handle complex problems quickly but may suffer from lack of the flexibility and reasoning of a human mind and suggest some irrational modules. To modularize a product family, the family heuristics are the only reasonable choice, since they are the only tools designed for that purpose. The MFD has a common unit driver to handle product family issues, but it is only one of many drivers.
The cases when one should apply each method are different, which leads to a conclusion that none of the methods should probably be used on its own. A solution could be to start with one method and check additional factors with another method. One could for example run an MFD on a product and use the function structure heuristics to define the final module boundaries. Another example could be to use the product family heuristics on a platforming case to identify common modules across the products and then continue modularizing the rest of each product with another method.
The repeatability of the methods varied from 68% to practically 100%. The MFD was clearly the weakest in repeatability. The DSM on the other hand can be run by a computer and is therefore repeatable. But the algorithms may ask for simplifications in the architecture that are not possible in the real world. The function structure heuristics fall in between in their repeatability. This also means that the MFD is the least favorable method for a complex product and the DSM the most favorable. Again the function structure heuristics are in between the two. Table 8 summarizes the differences between the three modularity methods (note: in this table also the repeatability of the product family heuristics is included in the value related to the repeatability of the function structure heuristics). No method dominates the others. The choice of which method to use and when should be done case by case. MFD is suitable for forming customer modules, the other methods for more technical modules; maybe for sub-modules of customer modules. Choosing a modularity method depends on the modularizing objectives. 
